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The inflammatory response in endothelial cells (ECs) leads to an increase in vascular
permeability through the formation of gaps. However, the dynamic nature of
vascular permeability and external factors involved is still elusive. In this work, we
use a biomimetic blood vessel (BBV) microfluidic model to measure in real-time the
change in permeability of the EC layer under culture in physiologically relevant flow
conditions. This platform studies the dynamics and characterizes vascular permeabil-
ity when the EC layer is triggered with an inflammatory agent using tracer molecules
of three different sizes, and the results are compared to a transwell insert study. We
also apply an analytical model to compare the permeability data from the different
tracer molecules to understand the physiological and bio-transport significance of
endothelial permeability based on the molecule of interest. A computational model
of the BBV model is also built to understand the factors influencing transport of mol-
ecules of different sizes under flow. The endothelial monolayer cultured under flow
in the BBV model was treated with thrombin, a serine protease that induces a rapid
and reversible increase in endothelium permeability. On analysis of permeability
data, it is found that the transport characteristics for fluorescein isothiocyanate
(FITC) dye and FITC Dextran 4k Da molecules are similar in both BBV and trans-
well models, but FITC Dextran 70k Da molecules show increased permeability in
the BBV model as convection flow (Peclet number > 1) influences the molecule
transport in the BBV model. We also calculated from permeability data the relative
increase in intercellular gap area during thrombin treatment for ECs in the BBV and
transwell insert models to be between 12% and 15%. This relative increase was
found to be within range of what we quantified from F-actin stained EC layer
images. The work highlights the importance of incorporating flow in in vitro vascular
models, especially in studies involving transport of large size objects such as anti-
bodies, proteins, nano/micro particles, and cells. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4977584]

INTRODUCTION

Blood vessels are permeable, which allows for transportation of small molecules such as
water, ions, nutrients, and even whole cells across the vessel. This capability is called vessel
permeability.! Endothelial cells (ECs) line the blood vessel lumen and form a semi-permeable
barrier through cell-cell junctions. Basal level vascular permeability is essential in the selective
transport between blood and the interstitial space of organs. Such a permeability barrier is
maintained through tight cell-cell junctions and is controlled by growth factors, cytokines, and
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other stress related molecules.” Disruptions in the EC layer barrier can result in increased per-
meability. On detection of a potentially harmful substance, foreign organisms, or injured tissue,
the permeability of blood vessels increases, which supplies plasma protein to the extravascular
compartment in need of repair. This increase is controlled by several inflammatory mediators
(e.g., vascular endothelial growth factor-A, tumor necrosis factor-oo (TNF-z), Interleukin-6,
Interleukin-1p, and thrombin) and delivers immunoglobulins, anti-proteases, constituents of the
complement and coagulation systems, and other acute phase proteins to the site in order to act
in local host defense and initiate tissue repair.”>*

Vascular permeability is a dynamic process and is mediated by acute or chronic exposure
to inflammatory agents.””’ Permeability has also been found to be influenced by numerous (at
least 25) gene products.® However, the dynamic nature of vascular permeability and external
factors involved is still elusive. In this work, we use thrombin to induce permeability on EC
layer based in vitro blood vessel models. Thrombin is an acute vascular inflammatory agent
that induces blood coagulation and triggers specific stimuli on the EC layer, leading to intercel-
lular gap formation and release of inflammatory mediators, vaso-regulatory agents, and growth
factors.”

Scientists have employed both in vivo and in vitro platforms to understand the underlying
mechanisms behind the above mentioned phenomena. /n vivo works often require complex
mammalian models and time-consuming surgical protocols, making them an expensive and
challenging platform. These studies also raise ethical issues, and their resulting models respond
differently to humans since interspecies predictability is low in response to drugs and dis-
eases.' In vivo studies also only allow for a limited control of the heterogeneous parameters
influencing the blood vessel and present challenges to real time imaging.!' Relatively simpler
and traditional in vitro platforms measure the flux of molecules of various sizes using transwell
insert based permeability assays.'?"'® Such works are mostly performed under static conditions
without consideration to the fluid shear stress (FSS) conditions that the endothelium is exposed
to in vivo. Microfluidic technologies bring in a suite of new possibilities for blood vessel plat-
forms. A couple of recent works used an endothelial cell layered microfluidic device to study
permeability, but these works were performed on a cell layer not exposed to physiologically rel-
evant flow.'”'® Another work uses an endothelial cell layer to study monocyte adhesion and
transmigration. '’

Blood vessel endothelium is constantly exposed to FSS at its apical side due to blood flow.
The mechanical stress generated on the EC layer due to this flow is an important extrinsic fac-
tor capable of modifying vessel barrier properties through alteration of the inter-endothelial
junctions and the EC-extracellular matrix interactions.”’>> It can also activate intracellular sig-
naling events, altering barrier properties like increased intracellular Ca** levels and the genera-
tion of inositol trisphosphate,”*° activation of Rac,?’*® RhoA-dependent reorganization of the
actin cytoskeleton,?'*** and f,-integrin-dependent increases in caveolin-1 phosphorylation.?!
Therefore, integration of in vivo levels of flow with the EC culture is important in limiting the
chances of the cell monolayer undergoing phenotypic drifts and no longer reflecting in situ
characteristics. An in vitro blood vessel model that can sustain EC culture under native condi-
tions and can evaluate the dynamics and heterogeneous nature of vascular permeability in real
time when triggered by an inflammatory agent holds huge potential.

This work studies the dynamics of increases in EC layer permeability during thrombin
treatment in a biomimetic blood vessel (BBV) microfluidic model and a transwell insert model.
The in vitro BBV platform consists of an upper and lower microfluidic channel separated by a
semi-permeable membrane. Bovine aortic endothelial cells (BAOECs) were cultured on the
semi-permeable membrane under in vivo levels of flow. In order to study the increase in vascu-
lar permeability during inflammation in the BBV and transwell insert model, the monolayer of
BAOECs was exposed to media spiked with thrombin and a tracer molecule. Thrombin treat-
ment leads to EC layer F-actin cytoskeletal filament rearrangement, which in turn increases per-
meability. The change in vascular permeability was quantified using a tracer molecule based
assay. This system is based on determining the amount of fluorescein isothiocyanate (FITC)-
dye and FITC-Dextran (4k Da and 70k Da) molecules that permeates from the upper to the
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lower channel through the EC intercellular gaps and membrane. The amount of dye molecules
that permeated were collected in real time and measured spectrophotometrically to quantify the
process. An analytical permeability model was used in this work that distinctly identifies and
compares the permeability characteristics of the tracer molecules based on their transportation
nature (diffusion or convection depended) for the two platforms. This helped us in identifying
the similarities in permeability characteristics of ECs cultured in both platforms and also in
understanding the scenario where using a flow integrated vascular model would be important.
In this work, we also calculated the relative increase in endothelial intercellular gap area during
thrombin treatment from the permeability data. This relative increase was compared to the
increase in intercellular gap area calculated from EC F-actin immunofluorescence images. A
computational model of the BBV model was also developed to understand how dye molecules
with different sizes transport through the porous membrane under flow. This work analyzes the
permeability of tracer molecules of different sizes in two different models and highlights the
similarities and differences in the permeability characteristics of the EC layer between the two
models. It also highlights the need for flow integrated vascular models, especially in studies
where larger sized molecules are involved, whose flow transport is convection dominated.

MATERIALS AND METHODS
Fabrication and EC culture on BBV model

Channels were made of polydimethylsiloxane (PDMS) from a photolithographically pat-
terned silicon wafer, and a monolayer culture of BAOECs was attained as explained in our
prior work.>® The upper and lower channels were cast out of Sylgard 184 PDMS (Dow Corning
Corp.). The upper channel was 20mm long, 350 um wide, and 100 um tall, and the lower chan-
nel was 5mm long, 1000 yum wide, and 100 um tall. A polycarbonate (PC) track-etched, thin,
and clear membrane (Whatman, GE Healthcare) with 1 yum diameter pores and an average cal-
culated pore density of 1.5 x 10 pores/cm® was embedded between the two PDMS channels.
The bottom PDMS channel was bonded onto a glass slide by exposing the sides in contact to
oxygen plasma. The upper PDMS channel was bonded to the membrane by using a thin PDMS
mortar film (10:1 ratio of base and curing agent with toluene in equal proportion). The upper
channel bonded to the membrane was then bonded to the lower channel after making sure the
channels are aligned well. After each step, the components were placed in an oven at 60 °C for
10 min to enhance bonding. Inlet and outlet ports were punched to provide access to upper and
lower channels.

Once fabricated, the devices were sterilized overnight under UV light to prepare for cell
culture. Prior to cell seeding, the upper channel and membrane of the device were coated with
50 ug/ml fibronectin (Sigma-Aldrich) overnight at 37°C. BAOECs were seeded by placing a
20 ul drop of media containing cells at a density of 2 x 10’ cells/ml in the channel inlet. Cells
flow from the inlet to the outlet and, upon reaching equilibrium, settle down and attach on the
semi-permeable membrane. Cell seeded devices were placed in an incubator under standard cul-
ture conditions (37°C and 5% CO?) overnight to allow cell attachment and spreading on the
membrane. Upon reaching confluence, the BAOECs were subjected to a physiologically rele-
vant FSS of 12 dyne/cm”.*'”? The flow was enabled using a high precision and extremely low
pulsation peristaltic pump (ISMATIPC-N series), and the entire setup was placed in standard
culture conditions. Recirculation of media was not permitted while thrombin and tracer mole-
cules were passed through the channels. To calculate the volumetric flow rate that corresponds
to the required maximum FSS experienced by the ECs, the following equation was used:*

6uQ h h
Teell = = (1 +—)f(—). o

wh w w
Here, “h” and “w” are the height and width of the microfluidic channels, respectively.“t..;” is
the FSS experienced on the cell surface in the channel. “x” =0.007 dyne s/cm? is the fluid vis-

cosity for the medium at 37°C, and Q is the volumetric flow rate. “f” is a geometry factor
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derived from the ratio of width and height. “f”” has been calculated to be 0.74 for the current
channel geometry.

Permeability assay in BBV model

BAOECs were treated with thrombin at a concentration of 1 Unit (U)/ml after being sub-
jected to 6h or more of flow in the BBV model. Thrombin induces an acute inflammatory
response on ECs and leads to profound increases in cell monolayer permeability. Thrombin was
mixed with flow media, along with the tracer molecule, and the treatment was performed under
flow on the apical side of the cells. Fluorescent FITC sodium salt (376 Da), FITC-Dextran 4k
Da, and FITC-Dextran 70k Da molecular weights were used as tracer molecules. FITC sodium
salt was flown at 0.625 mg/ml and the FITC-Dextran molecules at 5mg/ml. We chose different
working concentrations as the lower molecular weight FITC dye at 0.625 mg/ml had compara-
ble fluorescent intensity to FITC-Dextran 4k Da and 70k Da at 5 mg/ml. This permitted ease in
spectrophotometric detection and analysis. The extent of tracer molecule permeation to the
abluminal lower channel is a direct indication of the level of vessel permeability, which was
monitored in real time by withdrawing 6 ul samples from the outlet of the lower channel every
10 min. These samples were analyzed spectrophotometrically using an Infinite 200 PRO
NanoQuant microplate reader at 490 nm excitation and 521 nm emission. The volume of buffer
solution in the lower channel was maintained by adding 6 ul of phosphate buffered saline
(PBS) to the inlet before withdrawing the sample. It was important to make sure that sample
mixing between time points was minimal and this was ensured by measuring the amount of
tracer molecule remaining after data sample withdrawal for a few cases using confocal micros-
copy and spectroscopy. Supplementary material Figure S4 shows confocal images of leftover
FITC dye in the lower channel before and after 6 ul data sample elution, showing the amount
of tracer dye leftover to be minimal between each time points. The dosage and treatment time
for thrombin to induce an increase in permeability on BAOECs was determined from other
studies* 7 and by performing cell permeability assays on transwell inserts.

Permeability assay in transwell insert model

For the transwell insert model, the BAOECs were seeded at a density of 2 x 10%cells in
the luminal chamber of ThinCert transparent inserts for 12-well plates a membrane with 1 um
diameter pores. Cells were cultured in Dulbecco’s modified eagle medium (DMEM) with 10%
heat inactivated fetal bovine serum. On reaching confluence, the cells were treated with throm-
bin by replacing the medium in the luminal side with fresh DMEM (1% heat inactivated serum)
supplemented with thrombin and tracer molecule. Media volumes of 1500 ul and 500 ul were
maintained in the abluminal and luminal sides, respectively, to make sure the hydrostatic pressure
between the chambers remained constant. 750 ul of media from the abluminal chamber was
replaced every 10min, and the presence of tracer molecules was monitored spectrophotometri-
cally. To keep the permeability assay protocol in the BBV platform and the transwell insert study
similar, the supplemented media in the luminal chamber was also replaced every 10 min to ensure
a fresh and constant supply of thrombin and tracer molecules.

Rearrangement of actin filaments

The rearrangement of F-actin stress fibers was studied to understand the correlation between
the increase in vessel permeability and F-actin cytoskeletal arrangement patterns on thrombin
treatment. Confluent cell monolayers were treated with 1 U/ml thrombin in DMEM medium (1%
heat inactivated serum) for various lengths of time. The static case was performed on ECs
cultured on fibronectin coated cover slips. For the flow case, thrombin was spiked along with
flow media in the BBV model. After thrombin treatment, the cells were fixed with 3.7% parafor-
maldehyde (Sigma) for 20 min and permeabilized with 0.5% Triton X-100 (Sigma) for 3 min.
Cells were washed with PBS between each step and were finally stained with 50 pug/ml FITC-
phalloidin (Thermo Fisher Scientific Inc.) solution in PBS for processing by immunofluorescence
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microscopy. Observations were made with a fluorescent confocal microscope (FV1000-IX81,
Olympus), and image analysis was performed using ImageJ software.

Statistical analysis

The results are an average from three independent experiments with a p-value <0.05. The
results are presented as the mean * the standard deviation. An unpaired Student ¢ test was used
to analyze statistical differences between control and treated groups. Differences were consid-
ered statistically significant at p < 0.05.

Analytical model

Dye transport across the EC layer is a combination of both diffusive and convective flux
within intercellular gaps and membrane pores. By looking into the Peclet number, we can better
understand the underlying mechanism in the transport process of tracer molecules through the
intercellular gap. The Peclet number can be expressed as

Lgcu

Pe ,
D

2

where “Lgc” is the EC layer thickness, “0” is the average velocity within the membrane pore,
and “Deg” is the effective diffusion of dye molecules. Convective flux can be created by hydro-
static or osmotic pressure difference according to the Starling and Kedem-Katchalsky
equations™®

J, = Lp(APr — 6,A7), 3)

where “Lp” is the hydraulic conductivity, “os” is the osmotic reflection coefficient, and “APr”
and “Arn” are the hydrostatic and osmotic pressure differences across the EC layer, respectively.

Furthermore, to compare BBV and transwell insert models, all the test parameters should
be the same or properly normalized. Here, we used an analytical model that considers the major
differences between the two platforms during tracer molecule collection in the lower channel;
i.e., the surface area permitting tracer molecule permeation and assay volumes. Based on this,
the permeability can be expressed as:

P = (ACLVL)/(CuAAl), @)

where “AC,” is the concentration change in the lower channel, “V,” is the volume of sample
media, “Cy” is the concentration in the upper channel, “A” is the area of the membrane that
allows fluorescent tracers to permeate, and “Ar” is the assay time.

The real-time permeability data after thrombin treatment can also be used to calculate the
relative intracellular gap area. Assuming diffusion dominant dye transport through the EC layer,
the tracer flux to the abluminal chamber can be expressed as

C Cu—C
€Ly, _plCv=Cr)

Aav 5
At Lgc sap )

where “Lgc” is the cell layer thickness and “Ag,,” is the intracellular gap area overlapping the
pores of the membrane. Therefore, the relative intracellular gap area can be estimated as

Agap
¢ X Apem X T X rpore2

Arelfgap = X 1007 (6)

29 Lt}

where “A,.,” is the membrane surface area and “¢” and “ry,.” are the porosity and pore
radius of the membrane, respectively. In the following Results and Discussion Section, these
analytical formulations are used to post-process and help analyze real-time permeability data.
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Finite element simulation

A computational model was used to examine the molecule transport across the endothe-
lial monolayer in the microfluidic chip.>® Transient analysis of the molecule concentration
was performed in a model with prescribed actual dimensions. Tetrahedral mesh elements
were used in this work with minimum element quality smaller than 0.25. The mesh quality
was also confirmed by using finer mesh elements, which yielded a concentration difference
smaller than 1.5%.

To mimic the inflammatory effect in ECs, various effective pore diameters, i.e., 200 nm,
400nm, 800nm, and 1 um (actual membrane pore diameter), with a porosity of 5% were used
to understand how dye molecules with different sizes transport through the porous membrane.

The convection-diffusion equation was used to predict the molecule transport as follows:

% 4V (—DVe) = —u - Ve, (7

[P [73x1)

where “c” is the molecule concentration, “u” is the flow velocity, and “D” is the diffusion coef-
ficient. The diffusion coefficients are 2.7 x 10~ '"m?%/s, 1.35 x 10~ 'm?%/s, and 2.3 x 10" m%/s
for FITC dye, FITC Dextran 4k Da, and FITC Dextran 70k Da, respectively.***! The total
number of probe molecules collected can then be obtained by integrating the concentration over
the bottom channel.

RESULTS AND DISCUSSION
On-chip cell culture

An intact blood vessel endothelium is constantly exposed to FSS at its apical side from
blood flow. Therefore, integrating in vivo levels of flow to the EC culture is important in lim-
iting the chances of the cell monolayer undergoing phenotypic drifts, and thus no longer
reflecting in situ characteristics. After seeding the BAOECS in the upper channel of the BBV
device and on reaching confluence after about 16h (overnight incubation) of static culture,
the ECs were subjected to a FSS of 12 dyne/cm?® by flowing media at a flow rate of 3.7 ul/s.
The confluence of the cell layer was ensured to be optimal (at least 90%) through phase con-
trast microscopy before tests were performed. Figure 1 has a photograph of the bi-layer
device showing the upper and lower channel separated by the semi-permeable membrane with
their inlets and outlets marked. Details on cell shape, F-actin filament alignment, and reorga-
nization on exposure to FSS in this device have been reported in our previous work.*® F-actin
realignment to flow for BAOECs happens within 4 h in the BBV model (details in our previ-
ous work), and our permeability assay is performed 6h after applying FSS in order to con-
sider this.

In this work, we characterize changes in vascular permeability caused as part of an
inflammatory response. The EC layer in the BBV model was treated with thrombin, an
inflammatory agent. As explained in Figure 1(b), thrombin and tracer molecule were flowed
along with media in the upper channel, thus inducing inflammatory response on the EC layer
from its apical side. EC layer permeability increases during inflammation. This happens due
to the increase of intercellular gap. The tracer molecule permeates through these gaps and the
I um diameter pores on the membrane toward the lower channel. The amount of the tracer
molecule diffusing into the lower channel is a direct quantification of the extent of vessel per-
meability. In order to understand how introduction of flow influences permeability, we per-
formed a time course study by flowing media mixed with FITC dye (0.625 mg/ml) at a FSS
of 12 dyne/cm2 on a confluent BAOEC layer for 6.5h after 1h of static culture (Figure 1(d)).
Permeability of FITC dye remains constant during the first hour of static culture (comparable
to the control case) but increases ~4 times with the onset of flow. After about 2.5h of flow,
the permeability reduces to a range comparable to initial static culture or control case and
maintains the range for the rest of the time period. Similar permeability characteristics have
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FIG. 1. (a) Photograph of the bi-layer device showing the upper and lower channel separated by the semi-permeable mem-
brane along with their inlets and outlets. The apical side of the EC layer faces the upper channel and is exposed to media
flow. Thrombin and tracer molecule are added to media to study blood vessel permeability under acute inflammation.
Tracer molecule diffusion to the lower channel is controlled by the extend of EC permeability under inflammation. The dif-
fused data sample is collected from the lower channel. (b) Schematic depicts EC growth on semi-permeable membrane,
thrombin treatment from upper channel, and tracer molecule diffusion through intercellular gaps. (c) Fluorescence labeled
actin cytoskeleton (FITC-phalloidin) image of confluent BAOEC layer aligned to flow (12 dyne/cm® FSS for 6 h) in the
upper channel. Arrow shows the flow direction (Scale bar: 100 um). (d) Time course for understanding permeability charac-
teristics of a confluent BAOEC layer is performed by flowing media mixed with FITC dye (0.625 mg/ml) at a FSS of 12
dyne/cm? after 60 min of permeability check under static culture (dark grey marker). Permeability of FITC dye remains
constant during the first 60 min of static culture but increases ~4 times with the onset of flow. After about 2.5 h of flow, the
permeability reduces to a range comparable to initial static culture or control case (light grey marker) and stays within that
range.

been reported previously for endothelial cells when they are exposed to FSS, where the per-
meability increases immediately at the onset of flow and slowly plateaus to a baseline
value.***

The introduction of flow does bring about a transient increase in permeability for the
BAOEC layer that stabilizes after about 2.5 h of flow. Thus, it is safe to assume that this
study is performed on a BAOEC layer that has been primed to flow, and the study performed
after 6h of exposure to FSS will not be affected by any initial flow related changes in
permeability.

Characterization of vascular permeability on BBV model

Figures 2(a), 2(b), and 2(c) show the permeability curve for FITC sodium salt, FITC-
Dextran 4k Da, and FITC-Dextran 70k Da, respectively, along with the control case (no
thrombin treatment). The tracer molecule concentration was quantified by comparing the fluo-
rescence intensity of collected data samples to a concentration standard curve. For the three
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FIG. 2. Permeability of the tracer molecule through the EC layer in the biomimetic device. (a) Permeability of FITC dye
through the EC layer when treated with thrombin at 1 U/ml compared to the control case. (b) Permeability of FITC dextran
4k Da through the EC layer when treated with thrombin at 1 U/ml compared to the control case. (c) Permeability of FITC
dextran 70k Da through the EC layer when treated with thrombin at 1 U/ml compared to the control case. (d) Normalized
comparison of FITC dye and FITC dextran 4k Da permeability on the EC monolayer when treated with thrombin at 1 U/
ml. FITC dye with a lower molecular weight has higher permeability compared to FITC dextran 4k Da case. Asterisks indi-
cate that the values are significantly different from control values (p < 0.05).

tracer molecules, it is observed that the concentration in the lower channel starts to increase
acutely within 10 min of thrombin treatment and reaches the max value (0.09 mg/ml for FITC
sodium salt, 0.34 mg/ml for FITC-Dextran 4k Da and 0.18 mg/ml for FITC-Dextran 70k Da)
within 20-30 min. This means the permeability or gap formation of the EC monolayer initial-
izes rapidly and reaches its maximum within 20-30 min. The tracer molecule concentration
increases about 3.5 times, and this is a direct measurement of the change in vascular perme-
ability. Then, a fall in concentration of tracer molecule in the lower channel is observed that
plateaus to a minimum value by about 60-70 min. This signifies the decrease in EC layer per-
meability due to the reduction of intercellular gaps as a result of barrier recovery by the ECs
after the acute increase in permeability. Thrombin induced vascular permeability dynamics of
a similar nature in BAOECs have been elucidated in previous studies 364445

Figure 2(d) compares the concentration ratio of the tracer molecules in the abluminal
(lower) channel to their luminal (upper) channel concentration. For this, the concentration of
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the tracer molecule in the abluminal channel is divided by the corresponding luminal concen-
tration and compared along with thrombin treatment time. This normalizes the effect of doing
the tests at different luminal concentrations to an extent and provides insight on how the size
of the tracer molecule affects permeability. Also, the low concentrations used in this work
lead to negligible interaction among molecule-tracers, which will make the permeability char-
acteristics observed independent of molecule concentration. It is found that the permeability
of tracer molecules across the ECs decreased with increasing molecular weight. The lower
molecular weight FITC sodium salt diffused faster and in larger quantities through the inter-
cellular gaps than the higher molecular weight FITC-Dextran 4k Da and 70k Da. Similar
results have been previously observed in studies using tracer molecules of different
sizes.**4* A reduction in diffusivity was observed with an increase in molecular weight of
the tracer molecule.

Vascular permeability comparison on transwell inserts

We also analyzed the permeability of BAOEC layer when treated with thrombin on tradi-
tional transwell inserts and compared the permeability data to that generated on the BBV
model. On transwell inserts, we maintained a static culture of ECs that were treated with throm-
bin upon reaching confluence. In the transwell study, only half of the total tracer molecules that
permeated to the abluminal side were collected to prevent the cells from drying due to lack of
media on the abluminal side and to remain consistent. As a result, each of the following read-
ings would have leftover tracer molecules from the previous time point. We normalized this
effect by mathematically subtracting the amount of tracer molecules leftover from the previous
time point. Figures 3(a-i) and 3(a-ii) show that thrombin increased the permeability of the EC
monolayer within 10 min for both FITC Dextran molecules, which reached a maximum after
about 20-30 min. After this, we observed a fall in tracer molecule concentration, which signi-
fies a decrease in endothelial permeability. The permeability is comparable to the control case
within about 80 to 90 min of thrombin treatment for both tracer molecules.

The dynamics of vessel permeability observed in the BBV model and the traditional trans-
well system are similar. The recovery of endothelial barrier function was a steady and relatively
slower process in the static transwell insert studies (about 80-90 min to plateau) compared to
the flow integrated microfluidic platform (60—70 min). The time point for initial acute increase
in permeability is similar for both these platforms, and the shorter recovery time for cell layer
barrier integrity in the BBV model is likely due to the inclusion of flow. Later, we analytically
compared the permeability data from these two models.

Peclet number based analysis of dye molecule transport

In the convection dominant conditions (Pe >> 1), the transport is independent of tracer type
with different diffusivity. Since our results for abluminal/luminal concentration ratios in Figure
2(d) change with dye type, it can be concluded that dye transport is not convection dominant.
In the BBV case, a 3.7 ul/s flow rate induces 12 dyne/cm?® of shear on ECs and a 500 Pa hydro-
dynamic pressure difference across membrane. This pressure difference creates a convective
dye transport to the lower channel with an average velocity of 3 x 10> m/s. The Peclet number
for FITC dye with a diffusion coefficient of 2.7 x 10~'"m?/s is estimated as 0.2, which indi-
cates that the transport process is mainly diffusion dominant. In other words, high hydraulic
resistance due to small openings prevents convection of dye molecules to the lower channel. It
should be mentioned that for FITC Dextran 70k Da, the Peclet number increases to ~1 due to
lower diffusivity. In this case, convection transport will be as important as diffusion.

Normalized analysis of permeability between BBV and transwell insert model

The transport of tracer molecules in the transwell case is mediated only by diffusion, but in
the BBV model the transport is done by both diffusion and convective flux. A direct ratio based
analysis (abluminal/luminal tracer molecule fluorescence intensity) in Figures 2 and 3 provides
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FIG. 3. (a) Permeability of tracer molecule through the EC layer in the transwell insert model study. Permeability of (i)
FITC dextran 4k Da and (ii) FITC dextran 70k Da through the EC layer when treated with thrombin at 1 U/ml compared to
the control case. (b) Normalized comparison of (i) FITC dextran 4k Da and (ii) FITC dextran 70k Da permeability on the
EC monolayer in the BBV model and transwell insert case on thrombin treatment. EC monolayer in the biomimetic device
recovers its barrier integrity within about 60 min compared to about 80 min in the transwell insert case. Asterisks indicate
that the values are significantly different from control values (p < 0.05).

a platform specific understanding of the change in permeability based on the tracer molecule.
On comparison of permeability between the BBV and transwell insert models (Figures 3(b-i)
and 3(b-ii)) for FITC Dextran 4k Da and 70k Da cases, it is observed that the BBV model gen-
erates a higher proportion of permeability for both the tracer molecules. However, to compare
two platforms, all the test parameters should be the same or properly normalized. As mentioned
before, every 10min, we took V; = 6 ul and V; = 750 ul samples from the BBV and transwell
cases, respectively. Moreover, the surface area of membrane in the BBV and transwell cases
was 0.35mm? and 113 mm?, respectively. Using Eq. (4), we are able to compare the permeabil-
ity between two platforms as shown in Figure 4(a), and we understand that the smaller FITC-
Dextran 4k Da tracer molecule has similar permeability in both the platforms. This aligns with
the fact that FITC-Dextran 4k Da have a Peclet number <1 and thus follow diffusion domi-
nated transport kinetics. This means that the particles are so small that convection of the tracer
molecules is negligible and does not contribute towards its transport to the lower channel in the
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FIG. 4. (a) The permeability of the tracer molecule through the EC layer in the biomimetic device and the transwell insert
study when treated with thrombin at 1 U/ml compared to the control case. (b) The relative intracellular gap area in EC layer
in the biomimetic device and the transwell insert study when treated with thrombin at 1 U/ml compared to the control case.

BBV model. However, permeability of the larger FITC 70k Da Dextran tracer molecule is
~2x greater in the BBV model compared to the transwell insert case (Figure 6). The reason
for this observation is that the Peclet number is about “1” for this tracer molecule due to its
larger size and thus has convection transport characteristics as well. Therefore, the convective
flow in the BBV model enhances the 70k Da FITC-Dextran transport rate to the lower channel.
So for analyzing the permeability/blood vessel transport of molecules larger than a certain size
(having a Peclet number > 1, thus convection dominated transport characteristics), our BBV
model provides a better fit due to the inclusion of flow effects.

Calculation of relative intracellular gap area

Using Eq. (6), the inflammatory response of the EC layer in terms of the relative intracellu-
lar gap area is calculated for BBV and transwell cases as shown in Figure 4(b). In all shown
cases, the transport process is diffusion dominant, Pe < 1. The measured relative gap area using
the FITC and FITC Dextran 4k Da tracer molecules was almost identical for both platforms.
This means that the intercellular gap area induced by thrombin treatment does not change sig-
nificantly with testing conditions (testing under FSS vs. static) and tracer molecule. Still, it
should be noted that the overall transport rate and permeability strongly depend on these param-
eters as shown in Figures 2, 3, and 6. Therefore, the BBV study provides a more realistic
understanding of transport phenomena in vivo. It should be noted that the relative intercellular
gap area of the endothelial layer increases to be ~12%-15% for dye transport after about
20-30 min of thrombin treatment as shown in Figure 4(b).

We further examined the F-actin remodeling under thrombin treatment of ECs in these two
different platforms, to compare the transient nature of stress fiber alignment related to barrier
integrity recovery.

F-actin cytoskeletal remodeling

Thrombin treatment of ECs leads to F-actin cytoskeletal filament formation and rearrange-
ment. Thrombin induces myosin light chain phosphorylation and subsequent activation of
acto-myosin based contractile systems. This leads to isometric tension development in the cell
and thus EC retraction and an increase in vessel permeability."’_o_53 After demonstrating the
kinetics of EC monolayer permeability through tracer molecule transport in static (ECs cultured
on transwell inserts) versus flow cases (ECs cultured in the BBV model), confocal microscopy
and immunofluorescence staining were used to examine the changes in F-actin stress fiber
arrangement after thrombin treatment (1 U/ml). Figures 5 and 6 show z-series composite micro-
graphs of control and thrombin stimulated EC monolayers for both cases, respectively. The con-
trol case consists of a monolayer of ECs with tight intercellular contact and predominantly
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(A) Control

(B)20 min 5

FIG. 5. Confocal Z-projections of thrombin induced F-actin remodeling on BAOECsS cultured in the microfluidic biomi-
metic device under flow. (a) Control case only subjected to 6h or more of flow at 12 dyne/cmz. (b) 20 min of thrombin
treatment at 1 U/ml produce regions without F-actin stress fibers between cells which signify inter-cellular gap formation.
(c) These gaps tend to reduce and bridge by increased cortical actin presence towards cell periphery after 40 min of throm-
bin treatment. (d) There is steady presence of F-actin filaments on the cell monolayer after 60 min of thrombin treatment,
signifying the decrease in inter-cellular gaps (Scale bar: 25 ym).

peripheral cortical actin. With thrombin stimulation, F-actin undergoes rapid and reversible
redistribution and intercellular gap formation for both cases.

For the static case where the cells were cultured on cover slips, detailed orientation of
F-actin fibers and cell-cell gap formation were visible (Figure 5). After 20 min of thrombin
treatment, the actin had reorganized into prominent stress fibers aligned parallel to each other
and to the long axis of the cell. Compared to the control case, the cells had retracted from
one another and exhibited small gaps between adjacent cells while retaining their polygonal
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FIG. 6. Confocal Z-projections of thrombin induced F-actin remodeling on BAOECsS cultured under static conditions on a
cover slip. (a) Control case not subjected to thrombin treatment. Note the tight intercellular contact and predominantly
peripheral cortical actin staining. (b) 20 min of thrombin treatment at 1 U/ml appear to induce intercellular gap formation
and marked increase in actin stress fiber formation. (c) 40 min of thrombin treatment at 1 U/ml increases intercellular gap
formation and produces notable decrease in cell size possibly due to acto-myosin based cell contraction. (d) 60 min of
thrombin treatment at 1 U/ml seems to reduce intercellular gaps. (e) 80 min of thrombin treatment at 1 U/ml have signifi-
cantly reduced intercellular gaps and there is significant decrease in F-actin stress fiber presence. (f) 100 min of thrombin
treatment at 1 U/ml produce cell characteristics comparable to control case (Scale bar: 25 yum).

morphology. The ECs still remained attached to one another and, in many areas, the stress
fibers appeared to be contiguous between adjacent cells. 40 min of thrombin treatment
increased intercellular gaps and produced a notable decrease in cell size, possibly due to
acto-myosin based cell contraction. There was a reduction in intercellular gaps and a recovery
in thrombin based inflammatory response by 60 min of treatment. 80 min of thrombin treat-
ment produced cell monolayers with significantly reduced intercellular gaps coupled with a
significant decrease in the presence of F-actin stress fibers within the cell’s cytoplasm. The
100 min case had cell characteristics comparable to that of the control (no thrombin treat-
ment) case.

The BBV platform is thin enough to allow imaging of the ECs at 60x magnification using
an oil immersion objective. However, the presence of multiple layers (glass, PDMS, membrane)
of different refractive indices between the cell and the objective resulted in images that were
compromised on details. Stress fiber presence and orientation were not well described in these
images, but details on cell-cell gap formation were available (Figure 6). 20 min of thrombin
treatment on ECs under flow resulted in intercellular regions lacking F-actin stress fibers, which
signify intercellular gap formation. After 40 min, these gaps decreased in size and frequency of
appearance. The gaps might be reduced by increased cortical actin presence towards cell
peripheries. Further thrombin treatment (60 min) led to a uniform F-actin presence throughout
the cell monolayer with reduced intercellular gaps, which was comparable to the control case.

Our results on static cover slip studies are comparable to the established literature.
Thrombin stimulation initially causes polymerization of actin fibers in ECs that organize into
thick stress fibers and are arranged parallel to each other, leading to intercellular gap forma-
tion.”! Further treatment is known to decrease the F-actin quantity and return to the control
case (no thrombin) level.>* Quantifying F-actin content in thrombin activated ECs has shown
an increase in actin polymerization during the initial 30 min of thrombin treatment followed by
a reduction in total F-actin content by 60 min.”"
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Analysis of Figures 5 and 6 provided a quantitative understanding of the relative increase in
intercellular gap area for BBV and static transwell cases. The max increase in intercellular gap
area for the BBV model and transwell insert model was 11.1% (from 20 min image scan) and
14.8% (from 40 min image scan), respectively (Figure 7). We found the calculated values from
image analysis to fall close to the predicted range from our permeability model (12%-15%). We
do understand that these are only F-actin stained images and not images of any intercellular junc-
tion protein like VE-Cadherin, and still it does provide a quantitative factor to the qualitative
characterization of the images.

Comparison to computational model

To better understand the molecular diffusion from a theoretical perspective, a computa-
tional model of the molecular transport in the microfluidic BBV model was built, as illustrated
in Figure S1, supplementary material. The tracer molecule concentration in the bi-layer device
and its transport mechanism can be simulated and well predicted using this computational
model. In Figure S2, supplementary material, the distribution of molecule mimicking particles
provides a better understanding of the molecule transport dynamics. Specifically, molecules in
the apical channel mainly follow a parabolic flow pattern with a slight disturbance induced by
Brownian Motion, while molecules in the basal channel are predominantly the ones that have
diffused through the porous membrane. The time history of the average molecular concentration
in the bottom channel for membranes with equivalent pore diameters of 200nm, 400nm,
800nm, and 1 um is also shown in Figure S3, supplementary material. Here, the equivalent
pore diameter takes into account the effect of both membrane pores and intercellular gaps. It is
observed that it takes a longer time for larger molecules to transport across the membrane with
smaller equivalent pore diameters. The smaller diffusion coefficient of larger molecules com-
bined with higher flow resistance from small pores significantly reduces the dye transport rate
across the membrane. It is shown in Fig. S3, supplementary material, that for cases with
800nm and 1 um equivalent diameter pores, the concentration trends of these three molecules
are almost identical, which indicates that the transport rate is nearly independent of diffusion
coefficient. Thus, it can be concluded that molecule transport across the membrane with large
pore sizes is convection dominant. As the equivalent pore diameter decreases to 400nm or
200 nm, the difference between their concentrations trends becomes more significant. This indi-
cates that diffusion and convection are both influential in dye transport across the membrane.
The experimental results in Figure 2(d) demonstrate up to a 2—6 fold difference for these three
molecules, which suggests that the diffusion induced transport contributes significantly to the
abluminal concentration. In other words, the actual intercellular gap size in the cell layer should
be smaller than 400 nm, which is much smaller than the 1 um pores on the membrane.

18

= = =
N IS o

Relative intercellular gap area (%)
.
o

BBV model Transwell inser model

FIG. 7. Relative increase in intercellular gap area for BBV and static transwell case calculated from confocal images in
Figures 5 and 6. The max increase in intercellular gap area for BBV model and transwell insert model was 11.1% (from 20
min image scan) and 14.8% (from 40 min image scan). Sample size n = 10 images for each case.
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Our simulation results can also provide guidance on estimation of average pore size during
thrombin treatment. In the time scale of the experimental tests, the abluminal concentration
increases approximately linearly, provided the pore size was constant which is indicated from
the zoomed-in image of Fig. S3, supplementary material. Specifically, taking our experimental
results as an example: in 20 min FITC dye and FITC Dextran 4k Da increase ~4.0 and ~5.2
times faster than FITC Dextran 70k Da, respectively. Although cells experience a dynamic pro-
cess under thrombin treatment and gap sizes constantly change over time, the equivalent pore
size at the 20-min time point can be roughly estimated between 200nm and 400 nm by refer-
ring to the linear correlation. Future live observations of intercellular gap size change will be
performed using fluorescent scans and AFM measurements to validate this hypothesis.

CONCLUSION

Traditional in vitro studies can provide a biological approximation of vascular permeabil-
ity but cannot account for the true nature due to the lack of a holistic system.’>>® An in vivo
intact endothelium is exposed to multiple factors and is differentially regulated in space and
time.>>’ Current in vitro platforms for studying EC biology and permeability have limita-
tions in incorporating these numerous and dynamic factors. Our BBV model cultures ECs
under biomimetic flow conditions and we can expose cells to multiple external cues in a spa-
tially and temporally controlled manner from the basal and/or apical side to understand their
responses towards a heterogeneous environment. In this work, we examined the permeability
of ECs when treated with thrombin in BBV and traditional transwell insert models. Real time
data collection and analytical permeability models allowed us to compare the dynamics of
thrombin induced EC layer permeability for different tracer molecules and their permeability
characteristics between the two platforms.

From the permeability data of the three tracer molecules, it can be concluded that the
amount of tracer molecule transported through the cells and membrane layer is inversely pro-
portional to the tracer molecule size. FITC sodium salt (376 Da) had the highest permeability
followed by FITC-Dextran 4k Da and FITC-Dextran 70k Da, respectively (Figures 2(d)
and 3(a)). By analyzing the permeability data, we concluded that the dynamics and extent
of endothelial layer permeability is similar when cultured under flow and static conditions.
FITC-Dextran 4k Da with diffusion dominated transport characteristics (Peclet number <1)
has similar quantity of tracer molecules diffusing to the lower channel in both platforms as
the small sized tracer molecule is not influenced by the convective flow. Conversely, the big-
ger FITC-Dextran 70k Da (Peclet number ~1) tracer molecule has about 2 times more tracer
molecule transported to the lower channel in the BBV model compared to the transwell case
(Figure 4(a)). This is not because of an excess increase in intercellular gap area in the BBV
model compared to transwell static case, as we had confirmed the relative intercellular gap
area to be similar between the two platforms using our analytical model (Figure 4(b)) along-
side F-actin stained immunofluorescence image analysis (Figure 7). From the permeability
data, a relative intercellular area increase of ~12%—15% for both the diffusion dominated
FITC and FITC-Dextran 4k Da tracer molecules is predicted and this value is closely matched
from the fluorescence image data, which finds the max increase in intercellular gap area for
BBV model and transwell insert models to be 11.1% and 14.8%, respectively. By using a
computational model of the BBV model, we also predict a possible dimension range for the
intercellular gap formed on the EC layer. From the simulation results, the average intercellu-
lar gap size should be smaller than 400 nm.

Our current work suggests that for studies involving relatively larger molecules/elements
(like proteins, antibodies, particles etc.) in vitro blood vessel models where ECs are cultured/
tested under in vivo levels of flow are more appropriate. The transport, binding, appearance,
arrangement, release, and clearance characteristics of these molecules/elements will be influ-
enced by the effect of fluid flow shear on them. Thus, the data generated using these more bio-
mimetic in vitro testing platforms, like our BBV system, would be more credible and will carry
more value. Also, the phenotype and function of ECs in vivo are influenced by complex
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mechanical signals generated by the FSS they are exposed to. This makes our BBV system a
more physiologically relevant in vitro model compared to traditional transwell inserts despite
only being comprised of a monolayer of ECs. Also, a microfluidics based platform is easy to
fabricate, cost-effective, needs minimum reagent volumes, and allows for real time imaging.
Our future in vitro blood vessel models will have the relevant support cell systems (smooth
muscle cells/pericyte) and an extracellular matrix scaffold to answer related questions in vascu-
lar biology. These additions will take the model a step closer towards modeling in vivo systems
while helping to bridge the gap between in vitro and in vivo studies.

SUPPLEMENTARY MATERIAL

See supplementary material for more details on computational model based analysis of tracer
molecule transport and technique used for collecting tracer molecule in the bi-layer device
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